Aerosols that are efficient ice nucleating particles (INPs) are crucial for the formation of cloud ice via heterogeneous nucleation in the atmosphere. The distribution of INPs on a large spatial scale and as a function of height determines their impact on clouds and climate. However, in-situ measurements of INPs provide sparse coverage over space and time. A promising approach to address this gap is to retrieve INP concentration profiles by combining particle concentration profiles derived 
Introduction
The interaction of aerosol particles with clouds, and the related climatic effects have been in the focus of atmospheric research for several decades. Aerosols can act as cloud condensation nuclei (CCN) in liquid water clouds and as ice nucleating particles (INPs) in mixed-phase and ice clouds. Changes in their concentration affect cloud extent, lifetime, particle size and radiative
properties (Lohmann and Feichter, 2005; Tao et al., 2012; Altaratz et al., 2014; Rosenfeld et al., 2014) . As important these (2014)), and become increasingly sparse with increasing temperature (Pruppacher and Klett, 1997) ✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿ (Pruppacher and Klett, 1997; Kanji et al., 2017) . Aerosol species which 25 have been ✿✿ are ✿ identified in the past as potentially important INPs are mineral dust, biological species (pollen, bacteria, fungal spores and plankton), carbonaceous combustion products, soot, volcanic ash and sea spray (Murray et al., 2012; DeMott et al., 2015b) . From these aerosol types, mineral dust and soot are efficient INPs at temperatures below −15
and −40
• C (soot) and they have been studied extensively for their INP properties in field experiments and laboratory studies (Twohy et al., 2009 (Twohy et al., , 2017 Kamphus et al., 2010; Hoose and Möhler, 2012; Murray et al., 2012; Sullivan et al., 2016; Ullrich et al., 30 2017 (Morris et al., 2014) . It has been suggested that soil and clay particles may act as carriers of biological nanoscale INPs (e.g. proteins) , which could poten-tially contribute to a globally/locally relevant source of INP (Schnell and Vali, 1976; O'Sullivan et al., 2014 O'Sullivan et al., , 2015 O'Sullivan et al., , 2016 . 
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There is a variety of pathways for heterogeneous ice nucleation: contact freezing, immersion freezing, condensation freezing and deposition nucleation (Vali et al., 2015) . shown that immersion freezing dominates at temperatures higher than −30
• C, while deposition nucleation dominates below
−35
• C (Ansmann et al., 2005; Westbrook et al., 2011; de Boer et al., 2011) ✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿ (Ansmann et al., 2008 (Ansmann et al., , 2005 Westbrook et al., 2011; de Boer 10 . The factors that regulate the efficiency of heterogeneous ice nucleation are qualitatively understood, but no general theory of heterogeneous ice nucleation exists yet. It has been shown that in regions not influenced by sea salt aerosol, INP concentrations are strongly correlated with the number of aerosol particles with dry radius greater than 250 nm (n 250,dry ) which form the reservoir of favorable INPs (DeMott et al., 2010 . However, we have limited knowledge on how the ice nuclei activity of these particles together with their spatial and vertical distributions depend on cloud nucleation conditions (i.e. temperature (T ) 15 and supersaturation over water (ss w ) and ice (ss i )). Furthermore, field measurements of INP concentrations are very localized in space and time, whilst there are large regions without any data at all (Murray et al., 2012) . The lack of data inhibits our quantitative understanding of aerosol-cloud interactions and requires new strategies for obtaining data-sets ✿✿✿✿✿✿ datasets ✿ (Seinfeld et al., 2016; Bühl et al., 2016) .
Active remote sensing with aerosol lidar and cloud radar provides valuable data for studying aerosol-cloud interaction since it 20 enables observations with high vertical and temporal resolution over long time periods (Ansmann et al., 2005; Illingworth et al., 2007; Seifert et al., 2010; de Boer et al., 2011; Kanitz et al., 2011; Bühl et al., 2016 area concentration(S dry ) related to mineral dust, continental pollution and marine aerosol, as described in Mamouri and Ansmann (2015, 2016) . Their methodology uses lidar-derived optical parameters (i.e.
✿✿ the ✿ particle backscatter coefficient, lidar ratio and 25 particle depolarization ratio) to separate the contribution of mineral dust in the lidar profiles (Tesche et al., 2009) into profiles of aerosol mass, number, and surface-area concentration (Ansmann et al., 2012; Mamouri and Ansmann, 2015, 2016) . The latter can then be used as input to INP parameterizations that have been obtained from laboratory and field measurements (e.g. DeMott et al. 2010; Niemand et al. 2012; DeMott et al. 2015; Steinke et al. 2015; Ullrich et al. 2017 ) to promising insight into atmospheric INP concentrationsfrom remote-sensing observations. To date, there has been no other evaluation of the lidar-derived profiles of n 250,dry , S dry and n INP by means of independent in-situ observations apart from one dust case in Schrod et al. (2017) . The study presented here compares n 250,dry and n INP as inferred from space-borne and ground-based lidar observations to findings from airborne in-situ measurements using data from the joint experiment "INUIT-
3

BACCHUS-ACTRIS" (Ice Nuclei Research Unit -Impact of Biogenic versus Anthropogenic emissions on Clouds and Climate:
5 towards a Holistic UnderStanding -Aerosols, Clouds, and Trace gases Research Infrastructure) held on April 2016 in Cyprus (Schrod et al., 2017; Mamali et al., 2018 before the paper closes with a summary in Section 5.
INP parameterizations
A variety of parameterizations has been proposed to obtain n INP from aerosol concentration measurements. In particular, a global aerosol type-independent n INP parameterization is introduced by (DeMott et al., 2010) ✿✿✿ (2017) . The aforementioned parameterizations address immersion freezing at or above water saturation and deposition nucleation for ice saturation ratios ranging from unity up to the homogeneous freezing threshold and water saturation. Table 1 provides an overview of the temperature ranges and the freezing mechanisms for which these parameterizations are applicable.
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Regarding immersion freezing, the aerosols that are activated to droplets can contribute to ice formation. In turn, the ability of a particle to be activated as a cloud droplet mainly depends on the cloud supersaturation, its diameter, the water adsorption characteristics and the composition of soluble coatings (Levin et al., 2005; Kumar et al., 2011a, b; Garimella et al., 2014; Begue et al., 2015) . Kumar et al. (2011b) showed that all dry-generated dust samples with radius > 50 nm are activated to CCN at water supersaturation (ss w ) of 0.5% while the activation radius increases to > 250 nm when water supersaturation decreases 25 to ss w ≈ 0.1%. This is the minimum level of ss w required to activate INP for immersion freezing.
For immersion freezing of dust particles, the parameterization of Ullrich et al. (2017) parameterization quantifies the desert dust ice nucleation efficiency as a function of ice-nucleation-active surface-site density n s (T ) and dust dry surface area concentration S d,dry . If the CCN activated fraction is less than 50%, Eq. (1) for U17-imm needs to be scaled to be representative for the CCN activated S dry (Ullrich et al., 2017) . In this work, we are applying for each of the different aerosol types (dust, continental, soot). The shaded areas take into account a range of the extinction 35 coefficient from 10 Mm −1 (lower limit) to 200 Mm −1 (upper limit). The error bars mark the cumulative error in f i that results from the uncertainty in the lidar observations and their conversion to mass concentration as well as from the errors in the respective parameterizations. An overview of the typical values and the uncertainties used for the error estimation in this study is provided in Table 2 . The deposition nucleation estimations in the left panel of Figure 1 are provided for ss i = 1.15 (solid lines) and ss i = (1.05, 1.1, 1.2, 1.3, 1.4) (dashed lines) to give a perspective on the range of possible values. Note here that 5 although the immersion parameterizations were obtained using measurements at the temperature ranges of [-30, -14] • C (U17-imm, dust), [-35, -21] • C (D15, dust), [-34, -18] • C (U17-imm, soot) and [-35, - estimates, and at T > -45
• C, the error in the assumed T has a significant impact in the n INP product (e.g. 1 order of magnitude between T = -45 and -40 • C). On the contrary, at T < -45
• C, the error in the assumed T has less impact in the final n INP product (2016) and Baars et al. (2016) , respectively. In brief, the nightime backscatter (b) and extinction (a) coefficient profiles at 532 nm are 10 derived using the Raman method proposed by Ansmann et al. (1992 Tackett et al., 2018) . 25 We calculated the n INP profiles from Freudenthaler et al. , 2009; Ansmann et al., 2011a ) and a non-dust particle linear depolarization ratio of δ nd = 0.05 ± 0.03 (Müller et al., 2007; Groß et al., 2013; Baars et al., 2016; Haarig et al., 2017 )was 30 considered. The observed particle linear depolarization ratio in between these marginal values is therefore attributed to a mixture of the two aerosol types. Then, the
INP retrieval from lidar measurements
is calculated using the mean LR of 45 ± 11 sr for dust transported to Cyprus (Nisantzi et al., 2015) . For the non-dust component, the extinction coefficient (α c ) is calculated using a LR of 50±25 sr which is representative for non-desert continental mixtures (Mamouri and Ansmann, 2014; Baars et al., 2016; Kim et al., 2018 Mamouri and Ansmann (2015, 2016) . 
✿✿✿✿
The steps of the procedure for obtaining the profile of n 250,dry and S c,dry , as described above
here, are illustrated in 15 an example in Figure 2 . In this example, we use the PollyXT measurements at Nicosia between 1 and 2 UTC on 21 April 2016.
In the final step, the dust-related n INP profiles are estimated using the ice nuclei parameterizations presented in Section 2 (Eq. (1)- (7)). 
✿✿
For
UAV in-situ measurements
Two fixed-wing UAV ✿✿✿✿✿ UAVs, the "Cruiser" and the "Skywalker", performed aerosol measurements up to altitudes of 2.5 km agl (2.85 km asl). Both UAVs were used to collect INP samples onto silicon wafers using electrostatic precipitation. The Cruiser can carry a payload of up to 10 kg and it was equipped with the multi-INP sampler PEAC (programmable electrostatic aerosol collector) (Schrod et al., 2016) . Skywalker X8 (a light UAV that can carry a payload of 2 kg) was equipped with a custom-built, 
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The INP samples were subsequently analyzed with the FRIDGE INP counter (Schrod et al., 2016 (Schrod et al., , 2017 . FRIDGE is an isostatic diffusion chamber. The typical operation of FRIDGE allows for measurements at temperatures down to -30
• C and relative humidity with respect to water (RH w ) up to water supersaturation. FRIDGE was originally designed to address the condensation and deposition freezing ice nucleation modes at water saturation and below. However, because condensation already begins at sub-saturation, its measurements at RH w between 95% and 100% encompass ice nucleation by deposition nucleation plus condensation/immersion freezing, which cannot be distinguished by this measurement technique. Recent measurements • C and at RH w of 95%, 97%, 99% and 101% with respect to water, or equivalently 10 with respect to ice (RH ice ) 115% to 135% (Schrod et al., 2017) . Hereon, the samples analyzed at RH w < 100% are used as a reference for the deposition mode parameterizations and the samples analyzed at RH w of 101% are used as a reference for the immersion/condensation parameterizations. The errors of the INP measurements were estimated to be ∼20% considering the statistical reproducibility of an individual sample, for the samples analyzed for the experiment.
Cruiser was additionally equipped with an optical particle counter
Model 212 Profiler) that measures the aerosol particle number concentration with 1 Hz resolution in eight channels ranging from 0.15 to 5 µm in radius (Mamali et al., 2018) . The inlet of the OPC was preheated to keep the relative humidity below 50%
to minimize the influence of water absorptiononto particles. The Cruiser-OPC measurements on 5, 9, 15 and 22 April 2016 were used to calculate the n 250,dry profiles discussed in Section 4.1.
The measurements from the OPC onboard the
✿✿✿✿✿✿
Cruiser UAV were validated at the ground, using a similar OPC that was used found that the corrected n 250,dry in-situ values were ∼20% higher than the raw measurements. 
✿✿✿✿✿✿✿✿✿✿
Evaluation of the n 250,dry retrieval
For the assessment of the lidar-based n 250 -retrieval , apart from 
✿
The profiles of n 250,dry retrieved from PollyXT observations and in-situ measurements are shown in Figure 7 (upper panel). The lidar dust-only profiles (orange lines) are calculated from the dust extinction profiles and Eq. 8 (Table 3 ).
The remaining non-dust component is considered continental with n 250,c,dry provided by Eq. 10 (Table 3 ). The total n 250,dry 30 profiles (Figure 7 , upper panel, black lines) are the summation of n 250,d,dry and n 250,c,dry . The red dots correspond to the uncorrected UAV n 250,dry measurements. The blue dots correspond to the corrected UAV n 250,dry measurements (as described in Section 3.3).
We have considered several additional measurements and air-transport models for properly choosing the comparison times between the PollyXT and the UAV observations in order to chose scenes that are relatively homogeneous. We Figure 7 . In Figure 7 , we see that 10 Figure 8 provides a quantitative comparison of the observations presented in Figure 7 for lidar retrievals of n 250,dry considering both mineral dust and continental pollution and the corresponding in-situ measurements at the same height levels.
Again, we see that the results agree well within the error bars of the lidar retrieval with R 2 = 0.98. The uncertainties of the UAV-derived n 250,dry values presented in Figure 7 and Figure 8 
The profiles of S dry retrieved from PollyXT observations and in-situ measurements are shown in Figure 7 (lower panel). The dust-only profiles (orange lines) are calculated from the dust extinction profiles and Eq. 9 (Table 3 ). The remaining non-dust 25 component is considered continental with n 250,c,dry provided by Eq. 11 (Table 3 ). The total S dry profiles (Figure 7 , lower panel, black lines) are the summation of S d,dry and S c,dry . These profiles are compared to the total S dry derived from the corrected insitu number size distribution (e.g. Figure 3b ). We see that the latter agree well within the uncertainty of the lidar-derived S d,dry (orange line), but do not agree well when both mineral dust and continental pollution are considered (black line). This is mainly due to the sampling cut-off of the OPC instrument for particles with radius smaller than 150 nm , affecting the correction of April was analyzed by single particle analysis using scanning electron microscopy, which show that 99% of the particles were dust and 1% was Ca sulfates and carbonaceous particles (Schrod et al., 2017) . (Table 1) with the S d,dry from Eq. 9 (Table 3 ). The D15 dust-related n INP are 10 calculated using the Eq. 2 (Table 1) with the n 250,d,dry from Eq. 8 (Table 3 ). The D10 continental-related n INP are calculated using the Eq. 7 (Table 1) with the n 250,c,dry from Eq. 10 (Table 3 ). The D15+D10 values for the total (dust + continental) aerosol in the scene, are the summation of the aforementioned D15 (dust-related) and D10 (continental-related) n INP calculations (See Figure A1 and A2 in Appendix). We did not include the U17-imm soot estimates in the plot since these are quite similar to the estimated values from D10 at temperatures < -18 • C (Section 2; Figure 1 ). Consequently, for the total INP load in the scene,
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the estimations provided from the D15+D10 are similar to the ones provided from D15+U17-imm(soot). In the rest of this manuscript, we will discuss only the joint D15+D10 retrievals may be (a) deficits and inadequacies in instrumentation and measurement techniques, (b) the lacking overlap of the freezing modes, (c) inconsistencies between the inlet systems of the parameterization measurement (using cutoffs) and the in-situ measurements (using no cutoff) and (d) a variation in RH w (D15: 105%; FRIDGE: 101%) (Schrod et al., 2017) .
The error bars of the lidar-based n INP estimations in Figure 9 and Figure 10 are calculated using Gaussian error propagation together with the typical uncertainties provided in Table 2 . In DeMott et al. (2015), a standard deviation of two orders of 25 magnitude is reported as the uncertainty of the D15 parameterization. In the same plots, the uncertainty of the n INP from in-situ data is very low. Under most experimental conditions, the repeatability of the ice nucleation in the FRIDGE chamber dominates other uncertainties. An uncertainty of 20% has been suggested as a useful guideline for the uncertainty of the intrinsic measurements, corresponding to the statistical reproducibility of an individual sample. However, it has also been reported that natural variability by far outweighs the intrinsic uncertainty (Schrod et al., 2016) . We need to consider the full uncertainty and for various test aerosols , the n INP uncertainty for immersion freezing is one order of magnitude, while for deposition condensation the uncertainty is expected to be even larger.
Our analysis suggests that the D15+D10 (and D15+U17-imm(soot)) immersion/condensation parameterization (applicable for the temperature range -35 • C to −9 • C) and the U17-dep parameterization (applicable for the temperature range −50 Then a decrease of one order of magnitude is observed up to 6 km (0.06 L −1 ; -20
• C) at the top end of the main dust layer.
Above this altitude, a wavy n INP profile is observed with local maximal at 6.5, 7.0 and 7.9 km of 2 L −1 (-22 and 9% to non-dust/continental aerosols (D10) at altitudes between 6.3-8 km (Temperatures < -21 • C). These abundances are reversed inside the main dust layer (altitudes between 4-5.5 km; Temperatures [-20,-6] • C) where 34% of the total n INP is attributed to dust aerosols (0.06 L −1 ) and 66% to non-dust/continental aerosols (0.12 L −1 ). Shortly after the period analyzed respectively at 5.3 km altitude (D15+D10 in Figure 6 ). This difference is due to the increase of the air temperature during the day and the decrease of n 250,dry and S dry . Hallett and Mossop , 1974; Field et al., 2017; Sullivan et al., 2017 Sullivan et al., , 2018 
Summary and conclusions
We present a methodology for deriving n INP profiles from lidar measurements and its comparison to The results presented in this study give us confidence to proceed to the next step which is to combine cloud-relevant lidar aerosol and wind parameters and cloud radar height-resolved observations to monitor the evolution of clouds embedded in aerosol layers. This will provide a unique opportunity to better understand aerosol-cloud-interactions in the field of heteroge-10 neous ice formation.
Moreover, the study enhances the confidence for the production of global 3D products of n 250,dry , S dry and n INP from ✿✿✿ the CALIPSO dataset. The application of our methodology to more than a decade-long CALIPSO measurements could provide valuable insight into global height-resolved distribution of n 250,dry and n INP related to mineral dust, and possibly other aerosol types. This will enable global-wide studies of aerosol cloud interactions to combine the new product with satellite radar obser- 
A1 Methodological diagram for the analysis of the ground-based lidar measurements
The Figure A1 illustrates the general idea of the methodology followed for the INP estimations from the PollyXT measurements. The equations for the conversions of the measured optical properties into the microphysical properties are provided in Table 3 . The equations for the conversions of the microphysical properties to INPs are provided in Table 1 .
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A2 Methodological diagram for the analysis of the space-borne lidar measurements
The Figure A2 illustrates the general idea of the methodology followed for the INP estimations from the CALIPSO measurements. The equations for the conversions of the measured optical properties into the microphysical properties are provided in Table 3 . The equations for the conversions of the microphysical properties to INPs are provided in Table 1 .
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In the equations, n250,dry is in cm −3 , nINP in L −1 , T (z) in K and P in hP a. p0 and T0 hold for standard pressure and temperature. (upper limit). The error bars mark the error of the respective parameterisations from error propagation using the uncertainties provided in 
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Figure 2. PollyXT profiles of the total particle backscatter coefficient (purple) and particle linear depolarisation ratio (green) measured between 1 and 2 UTC on 21 April 2016. The extinction coefficient as well as the number and surface concentration of particles with a dry radius larger than 250 nm related to mineral dust (orange) and non-dust aerosol (black) was obtained following the methodology described in Section 3.2. Table 3 . Overview of the AERONET-based parameterizations used in this study for the conversion of the measured optical aerosol properties (αd, αc) into the microphysical properties (n250,d,dry, Sd,dry, n250,c,dry and Sc,dry). The parameterizations were introduced in Mamouri and Ansmann (2016) . In the equations, α is in Mm −1 , c250 in Mm cm −3 , cs in Mm m 2 cm −3 , n250,dry in cm −3 and Sdry in m 2 cm −3 . For the values of the conversion parameters (c 250,d , cs,d, c250,c and cs,c) see Table 2 . Table 1 ). 
